Abstract This paper investigates the sorption characteristics and mechanisms of pyrene onto two types of natural sepiolitebrown (B-Sep) and white (W-Sep). The effects of relevant properties such as clay content, surface area, pore diameter and volume, divalent cations, and organic carbon content were investigated by single component batch adsorption systems. The results suggest that pyrene has high affinity for both sepiolite and its sorption behavior could be mainly affected by exchangeable strongly hydrated cations such as Ca 2+ and H 2 O in the zeolitelike channels and by open channel defects (OCD) structures but no so much by the large number of Si-OH groups located on the sepiolite's basal surfaces. Mesoporosity rather than surface area largely controls the sorption capacity and intensity of both sepiolites. This is shown by the increase in pore volume that exhibited the greatest increase in BET surface area. Particle size and morphological changes of both sepiolites following pyrene adsorption determined by FE-SEM showed that the sepiolite fibers are much longer than their widths, which are only several laths (several nanometers). This is a result of growth, mostly along the c-axis, at the expense of the diffusion of pyrene molecules through aqueous solution. As a consequence, a significant fibrous morphology is produced following the adsorption of pyrene by both sepiolites.
Introduction
Polycyclic aromatic hydrocarbons (PAHs), classified as priority pollutants, are commonly referred to as a large class of organic compounds that have more than two or more fused aromatic rings in their molecules made up of carbon and hydrogen atoms. Their behavior and biological effects vary in the environment (Dowaidar et al. 2007 ). The most problematic PAHs range between naphthalene (C 10 H 8 ) and coronene (C 24 H 12 ) . In this range, there are a large number of PAHs differing in the number and position of aromatic rings, with varying number, position, and eventual chemistry of substituents on the basic ring system (Manoli and Samara 1999) . Many PAHs of higher molecular weights have been shown to be highly carcinogenic and can persistent for many years in the environment. The higher their molecular weight, the lower is their water solubility due to their hydrophobic nature and resistance to biodegradation (Mennicken 2005) . Pyrene, a powerful hydrophobic substance with a log퐾 ow value of 5.18, was selected as the model PAH for this study mainly due to its solubility in water, relatively small four-ring size, and its presence in natural water systems and hence impact on public health and the environment.
Removal of these pollutants from the environment is not effectively achieved using traditional methods. PAHs are often resistant to biological degradation, and are not efficiently removed by conventional physicochemical methods such as coagulation, flocculation, sedimentation, filtration, or ozonation. Among these methods, adsorption is one of the most viable options as it provides a simple and cost-effective approach for the removal of PAHs. Commercially available activated carbon is the most effective and frequently used solid adsorbent in this field, due to its high adsorption capacity, high surface area, and high degree of surface reactivity; however, its regeneration is difficult and expensive (Ania et al. 2007; Valderrama et al. 2008; Marchal et al. 2013) . Other adsorbents such as alumina, zeolite, resins, clays, fly ash, silica, soils, carbon nanoporous material, and pine bark have also been proven to be effective for PAHs removal (Chang et al. 2004; Su et al. 2006; Lemić et al. 2007; Crisafull et al. 2008; Hall et al. 2009; Anbia and Moradi 2009; Sener and zyilmaz 2010; Li et al. 2010; Perez-Gregorio et al. 2010; Dai et al. 2011; Vidal et al. 2011) . Natural materials such as clays are most suitable given their availability, low cost, environmental stability, and high adsorptive and ion exchange properties. Specific to pyrene, several studies have been performed on adsorption of pyrene from dilute aqueous solutions by inorganic and organic materials (Morozzi and Scardazza 1988; Kirso et al. 2000; Irha 2000; Ramirez and Cutright 2001; Laegdsmand et al. 2004; Hur and Schlautman 2006; Zhang et al. 2009; Owabor et al. 2010; Pal 2012; Yakout and Daifullah 2013) .
Sepiolite is a natural hydrated magnesium silicate of the same family of clays as attapulgite and differs structurally from bentonites (montmorillonites). Differences arise from the existence of discontinuities and inversions in the silica sheet that give rise structural channels filled with water molecules and running along the axis of the particle (Ruiz et al. 1996; Torró-Palau et al. 1997) . The presence of these inversions gives sepiolite characteristic needle-like morphology instead of plate-like montmorillonite. The discontinuities in the external silica sheet also account for the high density of silanol groups located at the edges of each block at the external surface of the silicate. Moreover, the discontinuous nature of the octahedral sheet allows for the formation of rectangular, channel-like micropores, which run and grow parallel to the fiber axis and are filled completely by zeolitic water under room conditions (Kuang et al. 2003) . Owing to its high surface area, chemical and mechanical stability, macro/microporosity, and active sorption sites (especially silanol groups) together with its low cost and abundance, sepiolite is currently widely used in a wide variety of industrial and environmental applications as a industrial adsorbent including solid waste and wastewater treatment (Maqueda et al. 1995; Öztürk and Kavak 2004; Sabah and Çelik 2006; Yıldız and Gür 2007; Guerra et al. 2010; Bektaş et al. 2011; Wang et al. 2013) , carrier for chemicals, moisture control, household uses (use in ashtrays to avoid smoke odor, control of liquid leakages and odors in dustbins, odor removal in refrigerators), and in retention of micropollutants such as heavy metal cations, dyes, ammonium, and phosphate (Çelik et al. 2001; Balcı and Dincel 2002; Uğurlu and Karaoğlu 2011), pesticides (Gonzales-Pradas et al. 1987; Gonzales-Pradas et al. 1999; Casal et al. 2001) , and others. High-capacity values were also observed for heavy metals (Hellios-Rybicka 1985; Munoz et al. 1996; Brigatti et al. 1996; Brigatti et al. 2000; Kara et al. 2003; Lazarević et al. 2007; Kocaoba 2009; Doğan et al. 2009; Lazarević et al. 2011; Dönmez et al. 2015) and cationic or anionic dyes (Aznar et al. 1992; Özcan et al. 2004; Doğan et al. 2006; Doğan et al. 2007; Alkan et al. 2007; Santos and Boaventura 2008; Uğurlu 2009; Öngen et al. 2012; Qiu et al. 2013; Han et al. 2014; Tekin et al. 2015 ) removal using sepiolite. To our knowledge, very limited studies are available on the use of sepiolite, as an adsorbent especially for PAH removal, and the data available about the removal and adsorption mechanism of pyrene onto sepiolite also needs to research.
The present study aims to evaluate the potential of two different natural sepiolite-brown (B-Sep) and white (W-Sep)-for the effective removal of pyrene from aqueous systems. Effects of the minerals' characteristics adsorption and thermodynamic conditions are investigated in order to develop a better understanding of the adsorption mechanisms involved and hence a more effective treatment system.
Materials and methods

Materials
Two types of natural sepiolites brown (B-Sep) and white (WSep) Bdolomitic sepiolite^are investigated in this study.
Pyrene (98% purity) from Sigma-Aldrich Chemical Co. was selected as PAH model probe (Table 1) . Inorganic chemicals such as HCl, NaOH, methanol used for adjusting pH, and preparation of pyrene solutions were obtained from Fisher Scientific. All solutions were prepared using deionized water with a conductivity of 0.067 μs/cm and were stored at room temperature (20 ± 2°C). Samples containing pyrene were stored in the dark due to their aromatic structure which strongly absorb ultraviolet light in the UV-A (λ = 320-400 nm) and UV-B (λ = 290-320 nm) range of natural sunlight (Newsted and Giesy 1987) .
Methods
The B-Sep and W-Sep were comminuted by a two-stage crushing in a laboratory jaw and roll crusher to prepare samples less than 2 mm as a starting material. They were then dry ground in a vibrating ball mill for short times (25 and 15 min, respectively) to avoid structural deformation. The particle size distribution of ground samples was analyzed by a technique based on laser light scattering using Malvern Mastersizer 2000.
The density of both sepiolite samples was measured using a Quantachrome Ultrapycnometer 1000. The BET surface area, pore volume, and average pore diameter were determined by nitrogen gas adsorption at −196°C using a Qantachrome analyzer. Before each measurement, all samples were outgassed for 10 h by heating at 60°C under vacuum.
Chemical analysis of the B-Sep and W-Sep was determined with an X-ray fluorescence (XRF) spectrometer (Rigaku ZSX Primus II XRF). X-ray powder diffraction patterns (XRD) of the tested sepiolite samples were measured by Panalytical X Pert Pro MPD. The cation-exchange capacities (CEC) of both sepiolites were determined according to ASTM C837. Calculation of the cation ratios for both sepiolites was performed on the basis of 33 oxygen (Jones and Galan 1988) per half unit-cell and using the molecular quantities on compounds containing oxygen from chemical analyses. Total organic carbon (TOC) measurements were carried out at Istanbul technical University EMCOL Laboratory in Turkey. A JEOL JSM-7100F field emission scanning electron microscope (SEM-FEG) equipped with a Link System energy dispersive X-ray (EDX) microanalyzer was used to observe the textural features of natural and pyrene-adsorbed sepiolites. The samples were coated with a gold/carbon film using a Qantachrome analyzer. Thermal analysis was carried out using a multimodular thermal analyzer Netzsch STA 409 CD equipped with a thermogravimetry (TG)/differential thermal analysis (DTA) rod. The TG/DTA curves were recorded under an air environment temperature ranging from 25 to 1200°C at a heating rate of 10 K/min. Fourier transform infrared spectra (FTIR) were recorded on the Agilent Cary 640 FTIR high performance spectrometer using attenuated total reflectance (ATR) and diffuse reflection (DR) for rapid characterization of natural and pyrene-adsorbed sepiolite samples. The spectra were measured in the spectral range 4000 to 400 cm −1 (32 scans, 4 cm −1 resolutions). The B-and W-Sep zeta potentials were determined at 23 ± 5°C using a Zetasizer Nano Z (Malvern Instruments) which uses micro-electrophoresis/electrophoretic light scattering technology.
A primary stock solution of pyrene (1000 mg/l) was prepared by completely dissolving an appropriate amount in methanol. An aliquot of 2.5 ml of this concentrated stock solution was diluted with methanol to 250 ml to give a 10 mg/l dilute stock solution. The dilute stock solution was further diluted with deionized water to give 50 ml of 50, 100, 200, 400, 600, 800 μg/l pyrene solutions for calibrating the GC/MS. To obtain the desired pyrene concentrations to be studied, serial dilutions with deionized water from a stock solution of 10 mg/l were performed to obtain concentrations ranging from 1 to 6 mg/l. Adsorption experiments were conducted using natural sepiolite samples in 40 ml glass bottles with Teflon-lined screw caps at natural pH of samples (8.78 and 8.95 for the B-Sep and WSep, respectively). Since the pH range is not a determining factor for pyrene removal, non-adjusted pH solutions were used in all batch adsorption experiments. It is known from the literature (Paolis and Kukkonen 1997 ) that heavier PAHs with more C=C bonds, e.g., pyrene, benzo[k]fluoranthene, benzo[a]pyrene, and benzo[g,h,i]perylene, are less affected by pH during the adsorption process, because PAHs are chemically inert and their bond linkages give them chemical stability. These compounds do not have ionizable groups that can be influenced by pH. Sepiolite (0.01 g) sample was added to a 20 ml pyrene solution with a solid to liquid ratio of 0.0005. The bottles were shaken at 250 rpm at ambient and various temperatures (25, 40, and 55°C) in order to determine whether the adsorption process is exothermic or endothermic for 2 h on an orbital shaker-incubator. After centrifugation at 2500 rpm for 10 min using a centrifuge (Heraeus Megafuge 16R, Thermo Scientific), the supernatant solutions were filtered through 0.45 μm membrane filter (Millipore), 0.5 ml aliquots of clear supernatant were removed. The equilibrium concentration of pyrene was determined using a PerkinElmer Clarus 500 GC coupled with a PerkinElmer Clarus 560 D mass spectrometer detector equipped with an integral liquid autosampler. GC temperature was programmed to start at 50°C at a rate of 5°C/min up to a maximum 310°C and a final holding time of 15 min. Helium was used as the carrier gas at a flow rate of 1 ml/min. A 1.0 μl aliquot of the extract was injected while the injector port was held at 280°C and operated in splitless mode. Analysis of the control samples with no sepiolite present conducted for each concentration level showed that losses of pyrene by photochemical decomposition, volatilization, and sorption on glass bottles were negligible. In all cases, the Yuan et al. (2010) b Iu and Thomas (1990) c Wang et al. (2014) equilibrium sorption capacity was calculated according to the following two equations:
where C i and C e are the liquid phase initial and equilibrium concentrations of the pyrene in solution (mg/l), V (l) is the volume of the solution and W (g) is the mass of the adsorbent,
) is the maximum adsorption density, and S (m 2 /g) is the specific surface area of sepiolite. Table 2 . According to the XRD peak intensities, sepiolite is dominant mainly in the B-Sep ( Fig. s1-a) , although dolomite was present as minor components, whereas dolomite was the dominant carbonate mineral in the W-Sep (Fig. s1-b) . The observed peak intensities were strong compared to the B-Sep with dolomite impurities giving rise to the 1437, 880, and 728 cm −1 bands (Eren et al. 2010; Lescano et al. 2014) in the W-Sep (Fig. s2 ) (see supplementary material, Fig. s2 ). Sharper peaks in the X-ray diffractograms together with the loss on ignition (LOI) of the W-Sep, which is nearly twice that of B-Sep ( Table 2 ), suggest that the crystallinity of the B-Sep is better developed than the WSep. W-Sep is distinguished as a low rank sepiolite Bdolomitic sepiolite^due to its high CaO with 34.88% of LOI in content while B-Sep was shown to consist mainly of clay fraction and generally accepted as representing a relatively higher quality. The thermal behavior of the B-Sep and W-Sep is presented in Fig. s3 -a and s3-b (see supplementary material, Fig. s3 /a-b) together with the mass losses for each stage. Both the B-Sep and W-Sep TG curves showed apparent weight losses during thermal escalation to specified plateau temperatures. The first and major endothermic peaks at 145.8°C for B-Sep and at 133.7°C for WSep on the DTA curves are attributed to the loss of moisture (externally bound) and zeolitic water contained in the channels with mass losses of 12.27 and 5.21%, respectively. A further endothermic weight loss of 4.02% for B-Sep and of 3.72% for W-Sep between 200 and 600°C may correspond to the elimination of the Mg 2+ coordinated water molecules on the edges of the talc ribbons. Eventually, dehydroxylation process and decomposition of the dolomite impurity occur in the temperature ranges 600-810°C which is followed by a phase change exothermic peak at about 820°C (Hayashi et al. 1969; Tabak et al. 2009; Burzo 2009 ). As expected, the total weight loss inferred from TGA is about 31.66% for W-Sep which is higher than those of B-Sep (12.03%) due to the relative high dolomite content of WSep. The percent mass loss for W-Sep is consistent with that reported by Alver et al. (2008) .
Results and discussion
Organic matter is also found in the composition of almost every laminated clay sepiolite. The ratio of total organic carbon (TOC) of B-Sep is about 1.21%, whereas W-Sep contains slightly more (1.97%). The interpretation of these results combined with the sepiolites' specific surface area reveal that there was no correlation between TOC levels and specific surface area. Previous studies have shown that TOC increased with specific surface area in modern marine sediments and in soil sediments both containing smectite and other type of clay minerals (Ransom et al. 1988; Mayer et al. 2004 Table 3 .
Nitrogen adsorption/desorption isotherms at −196°C and cumulative pore volume coupled with log-differential pore volume distribution curves are shown in Fig. s4 (see supplementary  material, Fig. s4 ) and Fig. 1 for both sepiolite samples. Adsorption isotherms for the B-Sep and W-Sep (Fig. s4/a-b) are of the type II according to The International Union of Pure and Applied Chemistry (IUPAC) classification and display a hysteresis shape to a certain degree (Broekhof 1979; Sing et al. 1985; Shields et al. 2004; Alothman 2012) . The visual inspection of isotherm shapes indicates that the porous network of the sepiolite samples presents micropores along with mesopores and macropores. The total amount of nitrogen adsorbed at high relative pressure is 55% higher for B-Sep compared with W-Sep. This is a result of B-Sep's higher porosity yielding a greater available volume for nitrogen adsorption. The saturation plateau is not parallel to the relative pressure axis indicating that both sepiolites contain a large portion of mesopores. However, the mesopores of the W-Sep are obviously larger than that of BSep due to its narrower hysteresis loop in contrast to B-Sep observed at P/P 0 > 0.9. This is confirmed by the cumulative pore volume and log-differential pore volume distribution curves calculated based on the adsorption isotherms using DFT-method pore size distribution presented in Fig. 1 .
As shown in Fig. 1 , the pore diameter of the B-Sep and WSep is between 7.26 and 251.16 Å, and pore volumes of the BSep and W-Sep with pore diameter of 7.26~19.69 Å are 13.44 and 10.51%, respectively. This indicates that both natural sepiolites are mainly mesoporous material (W-Sep slightly more than B-Sep) having part of larger channels. Moreover, a very sharp peak at pore half-width around 8 Å obtained from the logdifferential pore volume distribution curve spanning the interval 7-251 Å (Fig. 1) , related to the entrance of N 2 inside the intracrystalline tunnels, is due to the presence of a uniform size of micropores and of multimodal pore size distribution in both sepiolites. Both samples present this peak, but the volume of the pores per gram is much lower in the W-Sep. This observation reveals the fact that there is a problem of N 2 accessibility along the pores in the longer fibers and that W-Sep has a macroscopic nature consisting long fibers (Lescano et al. 2014) .
The average pore diameters of the B-Sep and W-Sep related to micro-mesopores, determined from specific micro-mesopore volume and specific surface area, were about 47.2 and 77.6 Å, respectively. This implies that the average pore diameter of WSep was about 76% larger than those of B-Sep. The BET specific surface area, total pore volume, and average pore diameter for both sepiolites are presented in Table 2 .
The B-Sep and W-Sep samples have BET surface values of 358 and 141 m 2 /g, respectively (Table 2) , demonstrating a significant difference in the surface properties of this mineral. This difference is attributable to the poor crystallinity of the Turkish sepiolite, and to impurities such as organic matter and dolomite reported by Fukushima and Shimosaka (1987) (Lescano et al. 2014) . The high values of the specific surface area are related to its fibrous morphology and small particle size, especially with the structural channels (or tunnels) that characterize this mineral. Taking into account these considerations, the W-Sep with lower specific surface area value has longer fibers with more open textures, while short fibers with closed textures present higher specific surface, i.e., B-Sep, because of both greater accessibility of the adsorbent to the inner portion the crystal and the existence of structural micropores (Lescano et al. 2014) . It is apparent from this result that B-Sep having the larger specific surface area is consistent with the higher content of Si-OH groups compared to the W-Sep with smaller specific surface area.
The textural features observed by field emission scanning electron microscopy (SEM-FEG) confirm that the B-Sep and W-Sep studied present their own characteristic fibrous morphology (length, width, fiber curliness, fiber arrangement, and porosity) and can be seen in Fig. s5 (see supplementary material, Fig.  s5 ). The fibers of B-Sep composed of tablets and needle-like which are aligned in parallel while the fibers of the W-Sep are arranged in bundles coating dolomite grains, clearly more compact compared with B-Sep as observed by SEM (Fig. s5-b) . Both sepiolites consist of intermediate fibers between 1 and 10 μm of length that are much longer than their widths. This is a result of growth, mostly along the c-axis. In general, the fibers observed are bundles, but they are sometimes rods, or even laths. Any attempt to measure the fibers is difficult as the fibers tend to be covered by others especially when they are longer and curlier (García-Romero and Suárez 2013). Semi-quantitative EDX analysis has shown that both sepiolite samples are composed mainly of Si and Mg and smaller amounts of Ca and Al. However, the BSep is composed of more Si and smaller amounts of Ca than those that of W-Sep.
Pyrene adsorption onto natural sepiolites
The adsorption isotherms of pyrene onto B-Sep and W-Sep at 25°C are presented in Fig. 2 . The adsorption capacities of both sepiolites were not significantly different indicating that the strong and same affinity of pyrene was detected for both sepiolites despite their different mineralogical and textural properties. Isotherm results obtained show that pyrene uptake increased sharply when the initial pyrene concentration increased from 2 to about 3 mg/l to reach an adsorption capacity of 6 mg/g followed by a gradual increase from 6 to 6.8 mg/l until it reached a maximum value of 8 mg/g. The very strong pyrene-sepiolite interaction is confirmed by the very steep isotherm slope at low equilibrium concentration values for both sepiolites fitting an H-type isotherm behavior (Giles et al. 1974) . Figure s6 (see supplementary material, Fig. s6 ) illustrates the effects of the initial pyrene concentration C i , on the amount of pyrene adsorbed q e at a contact time of 2 h. The results show that the adsorption capacity (q e ) linearly increases with the increase in the initial pyrene concentration until it reaches an optimum value of around 8 mg/g at a concentration of 4 mg/l. It is then followed by a slight gradual decrease at higher initial concentrations. This corresponds to a decrease in the removal efficiency from 100 to 80-83% for both sepiolites. This could be due to not only surface condensation but also intraparticle diffusion of pyrene on the both B-Sep and W-Sep which was responsible for the non-linearity of adsorption at higher concentration of pyrene. It is interesting to note that both sepiolites exhibit much the same adsorption isotherms at 25°C despite their different specific surface areas Table 2 . In other words, pyrene adsorption capacity of the low quality W-Sep, in terms of clay content, is similar to B-Sep despite the fact that its specific surface area is about 2.5 times lower then B-Sep. A relatively large volume of micropores (d < 20 Å) generally corresponds to a large surface area and a large adsorption capacity for small molecules, whereas a large volume of mesopores (20 < d < 500 Å) and macropores (d > 500 Å) is usually directly correlated to capacity for large molecules such as pyrene. The relatively high mesopore and macro pore volume is likely responsible for its high rate of constant, in consistence with the underlying assumption of the importance of vacant sites for a pseudo-second order process (Ho and McKay 2000) . This is in agreement with the work of Valderrama et al. (2007) , who also observed that a more mesoporous adsorbent had about a hundred times greater rate constant than the granular activated carbon they compared in the competitive adsorption of PAHs. This implies the possibility that the rate of adsorption is mainly controlled pore-diffusion through the intraparticle pore structure. Similar findings have been reported by Cobas et al. (2014) , who noted that during the two stages of pyrene adsorption onto sepiolite, the first segment is attributed to boundary layer diffusion and the second linear increase reflects the effect of pore-diffusion.
The adsorption isotherms of pyrene on B-Sep and W-Sep at three different temperatures (25, 40, and 55°C) are presented in Fig. 3a , b, and their adsorption equilibrium data were analyzed according to the two commonly used isotherm models, the Langmuir and Freundlich isotherms. As seen from Fig. 3a, b , there is an increase in the adsorption equilibrium capacity of B-Sep and W-Sep as the temperature increased by 15°C indicating that the adsorption of pyrene onto sepiolite was an slightly endothermic. However, not the same was noticed when the temperature increased from 40 to 55°C. As expected, the sepiolite/pyrene system reached an equilibrium point for low pyrene concentrations at temperatures above 25°C, indicating that lower K L values are found at higher temperatures for pyrene for which solubility increases with temperature. In an early study (Yu et al. 2012) , it was shown that the mole fraction solubility of pyrene in methanol increases with an increase in temperature.
Adsorption mechanism of pyrene onto sepiolite
The coverage of the B-Sep and W-Sep surface by pyrene molecule in square angstrom/molecule can be calculated by
where Γ max is the maximum adsorption density and A is the Avogadro number (6.02 × 10 23 ). Using the values given in Table 1, Table 2 , and Fig. s6 (see supplementary material,  Fig. s6 ), the parking area of pyrene for B-Sep and W-Sep is found to be 1493 and 574 Å 2 /molecule, respectively. The area of pyrene molecule is also about 107 Å 2 (Wang et al. 2014 ). This value has been taken into consideration to interpret the parking area of pyrene molecules in adsorbed layers. It indicates that the pyrene molecules occupy only 7.2 and 18.6% of the total area at the pyrene/B-Sep and pyrene/W-Sep interfaces, respectively. This large difference of specific sorption between B-Sep and W-Sep implies that intracrystalline sorption through penetration of the pyrene into the tunnels/ channels via exchange occurred by substituting solvated cation Ca 2+ was more favorable than the basal interaction for WSep. Whereas the interactions with the Si-OH groups at the border of each block located at the Bexternal surface^and intracrystalline dominated the pyrene sorption on B-Sep, which account for neutral sorption sites. Therefore, this observation points out to the existence of a considerable interaction between the structural cavities of sepiolite and pyrene, as already shown by FTIR (Fig. 4a, b) . In addition, a careful analysis of the field emission scanning electron microscopy (FE-SEM) images of pyrene loaded sepiolite samples at various concentrations (Fig. 6c, f) , reveals that the morphological changes of both sepiolite could be attributed to the presence of the aggregation of laths to form rods and thicker bundles.
Natural B-Sep and W-Sep spectra showed the bands at 3685 and 3687 cm −1 corresponding to Mg-OH vibration inside the sepiolite block, the bands at 3626 and 3625 cm −1 characteristics for MgOH (dioctahedral) stretch, and the two bands located at 3560 and 1655 cm −1 assigned to the vibrations of water coordinated to the Mg 2+ ions located at the edges of the structural blocks. As shown in Fig. 4a, b , the bands at 3685 cm −1 disappeared following pyrene adsorption. This result showed that Mg 2+ cations were removed losing the water and hydroxyl group coordinated to them during the pyrene adsorption onto both sepiolites. The natural B-Sep and W-Sep loaded with different amounts of pyrene showed the strong bands in the region of 3560 cm −1 decrease in intensities, and around 1655 cm −1 a small change in the wave number which could be related to the interaction between pyrene molecules and the sepiolite samples. This confirms that coordinated water molecules mainly located inside the tunnels/channels could be involved in hydrogen bonding (water bridges) or can be replaced by pyrene molecules giving rise to direct coordination to Mg 2+ ions at the border of the structural blocks. This resulted in the penetration of the adsorbed pyrene molecules into the structural cavities (intracrystalline tunnels and external channels) of the sepiolite.
Noticeable changes were also detected for bands in the region between 800 and 600 cm −1 , after pyrene adsorption. These changes do not result only in a shift of band positions but mainly in their intensities, which are decreased. Following pyrene adsorption, the persistent decrease in the shoulder around 800 cm −1 in both sepiolites suggests interactions between sepiolite and pyrene which its crystals exhibit strong bands at 839.9 cm −1 (Liu et al. 1989) . Furthermore, the Si-O stretching bands of pyrene adsorbed on B-Sep also showed a gradual decrease in the intensities and a shift to higher wave numbers. It is known that the OH bending region of dioctahedral sepiolite often provides valuable information on the composition of the octahedral sheets. The IR spectrum of natural sepiolite with an absorption band at 650 cm −1 is due to Mg 3 OH bending, as it is directly related to the Mg content (Jones and Galan 1988; Frost et al. 2001) . This band shifted to 686 cm −1 with less intensity, after pyrene loading, and can be related to the chemical composition of the octahedral layer of sepiolite.
In fact, sepiolite acts as molecular sieves discriminating the adsorption of species by its molecular size. The channels on the external surface contribute to the adsorption of organic compounds whose molecular size and shape closely match the dimensions of the open channels at the exposed crystal faces. It is not clear whether large organic molecules can fully exchange and replace cations and H 2 O in the zeolite-like channels (Ruiz-Hitzky 2001; Ruiz-Hitzky et al. 2004) . Moreover, there are conflicting reports of sorption and interaction of large organic molecules, such as cationic dyes and aromatic hydrocarbons, with the zeolite-like channels of palygorskite and sepiolite. However, some researchers have reported that large organic species can enter palygorskite and sepiolite channels (Mayer et al. 2004; Ruiz-Hitzky et al. 2004) . The determination of this exchange based on IR spectroscopy, DTA, and FE-SEM techniques supports the theory that large organic molecules such as pyrene (log K ow = 5.18) (Yuan et al. 2010) can interact with both sepiolites mainly at the external surface and within the internal surface by penetration into their structural channels/tunnels. In this study, larger pyrene molecules would have lower adsorption capacities in the micropores for both sepiolites, having the rate of micropore (7-20 Å) volume of 13.26% for B-Sep and 10.51% W-Sep, than relatively smaller ones because of the bottleneck of pores for pyrene diffusion. The phenomenon of the bottleneck of micropores in both sepiolite samples was obvious due to the small pore size of the fibers, which would be responsible for the nonlinearity of the adsorption isotherms for the pyrene/sepiolite system. It is expected that a greater fraction of micropores will not be accessible to pyrene which is the most capable of accessing mesopores that largely control the adsorption capacity and intensity of sepiolite. The dependence of pore volume and surface area upon pore size shows that most pore surface area, but only a minor fraction of pore volume, is associated with smaller mesopores (>20 Å in diameter). Both sepiolite samples showing greater increases in pore volume generally showed the greatest increases in BET surface area. This is consistent with the importance of mesoporosity to surface area (Fig. 5) . The porosity spectrum of both sepiolites showed an average pore diameter of about 47.2 and 77.6 Å for B-Sep and W-Sep, respectively. This is attributed to the contribution by mostly external porosity resulting from the inter-fibers/bundles spaces because the effective diameters of these pores are >15 Å. As a result of the sepiolite structure, the presence of structural cavities that are open unoccupied channels of 3.6 × 10.6 Å running parallel to the lath length, sorbed a proportionately substantial amount of pyrene whose molecular size (9.2 Å given in Table 1 ) and shape closely match the dimensions of the open channels at the exposed crystal faces.
On the other hand, one possible cause for variation in pyrene sorption properties of B-Sep and W-Sep is the variation in water content in both sepiolite samples which are expected to be affected by open channel defects (OCD) structures. Differential thermal analysis techniques (Figs. 3a, b) showed water content variations commonly of 12.03 to 31.66 wt% for B-Sep and W-Sep, respectively. The total weight loss value for the W-Sep inferred from TGAwas 2.6 times higher than that for the B-Sep. This may explain that water molecules contained in OCD structures may account for this variation, W-Sep with very high H 2 O content may be rich in OCD structures. Studies conducted by Krekeler and Guggenheim (2008) for several palygorskite-sepiolite mineral samples using TEM to investigate defect structures within individual fibers showed that defects are common, and two features are identified: (i) omitted polysomes, or an OCD with an estimated cross-sectional area of approximately 10 nm 2 (big enough to diffuse of pyrene with moleculer area being 1.07 nm 2 ); and (ii) a region where crystal growth has produced a three-sided enclosure and where an OCD structure may form with continued crystallization. This suggests that wide channels resulting from the presence of OCD structures in W-Sep with a smaller BET surface area of 141 m 2 /g (much lower than that of B-Sep 358 m 2 /g). This may enable zeolitic water molecules to be more mobile during exchange with organic molecules and more Fig. s7) (see supplementary material, Fig. s7) .
The FE-SEM study, convenient technique to study particle size and morphological changes of sepiolites following pyrene adsorption at two different concentrations (Fig. 6) , revealed that the sepiolite fibers are much longer than their widths, which are only several laths (several nanometers). This is a result of growth, mostly along the c-axis, at the expense of the diffusion of pyrene molecules through aqueous solution. The FE-SEM images obtained for the raw B-Sep and W-Sep represented in Fig. 6a, b form spherical aggregates consisting of fibrous nanoparticles bundles of about 10-50 nm width a few microns long, whereas the nanofibers of the B-Sep and W-Sep adsorbed with pyrene usually stick together in very short fibers bundles less than 1 μm diameter, always aligned in the same direction, with very closed porosity. The bundles are further arranged forming randomly oriented aggregates that have a size >1 μm. However, the pyrene adsorbed on B-Sep (Fig. 6c , e) exhibited more straight and rigid fiber arrangement (aggregation of laths to form rods) depends on the increasing adsorption of pyrene. Those of the pyrene adsorbed W-Sep show further aggregation to form thicker bundles (aggregation of rods forming bundles) wrapping dolomite grains (Fig. 6d, f) . As a consequence, a significant fibrous morphology is produced following the adsorption of pyrene by both sepiolites.
Conclusion
In this work, two types of natural sepiolites (brown and white) with different physical, chemical, crystallinity, texture, porosity, and specific surface area characteristics have been investigated with a view to understand the adsorption mechanism of pyrene on sepiolite. The results demonstrated that the intercrystalline interactions were more favorable than the sepiolite basal surfaces. FTIR spectra confirmed that coordinated water molecules mainly located inside the tunnels and channels could be involved in hydrogen bonding (water bridges) or can be replaced by pyrene molecules giving rise to direct coordination to Mg 2+ ions at the border of the structural blocks. This resulted in the penetration of the adsorbed pyrene molecules into the structural cavities (intracrystalline tunnels and external channels) of the sepiolite. It is evident that the existence of OCD structures in sepiolite, which are expected to have a strong control on the variations in H 2 O content in sepiolite, explain why natural sepiolite adsorb large organic molecules such as pyrene. Further, OCD structures and wide channels may enable zeolitic H 2 O molecules to be more mobile during exchange with organic molecules, potentially affecting the kinetics of exchange. The particle size and morphological changes of both sepiolites following pyrene adsorption determined by FE-SEM showed that the sepiolite fibers are much longer than their widths, which are only several laths (several nanometers). This is a result of growth, mostly along the c-axis, at the expense of the diffusion of pyrene molecules through aqueous solution. As a consequence, a significant fibrous morphology is produced following the adsorption of pyrene by both sepiolites.
